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In t roduc t ion  
The fo l low ing  i s  a repor t  G F  progress made dur ing the t h i r d  six-month 
per iod  (January 1, 1980 t o  Ju ly  1, 1980) under NASA Grant No. NSG 3238, 
"Turbine Endwall Two-Cyli nder Prograln. I' Under t h i s  g ran t  an ana lys is  and 
a ser ies o f  experinients are being car r ied  ou t  t o  study the  three-dimensional 
s q a r a t i o n  o f  f l u i d  f low around two i so l a ted  cy l inders  mounted on an endwall. I 
I 
4 
The work reported comes under Task I and Task I1 o f  the program, and I 
i 
deals with: 
a) water tunnel t e s t i n g  I 
b) wind tunnel construct ion and assembly 
c)  wind tunnel t e s t i n g  
d) model design and construct ion 
e) ana l y t i ca l  work 
f) overview o f  program. 
Water Tunnel Testing_ 
Water tunnel t e s t i n g  began upon r e c e i p t  and i n s L a l l a t i o n  o f  the turbu- 
1 lence nlanipulators discussed i n  the l a s t  progress repo r t  . 
I. Bulk Flow Propert ies 
Using the hydrogen bubble generator (which i s  discussed i n  d e t a i l  i n  
Appendix A) the t e s t  sect ion f low was checked f o r  un i fo rm i ty  and a v i sua l  
measurement o f  turbulence l eve l  was obtained. It was found t h a t  inimediately i 
a f t e r  the perforated p l a t e  and screening was i n s t a l l e d ,  the t e s t  sect ion i 1 ! 
f l ow  was steady and unifonn. Ho\~ever, as t e s t i n g  t ime accumulated the p l a t e  
and screening becarlie d i r t y  and i n s t a b i l i t i e s  began t o  appear i n  the t e s t  
sect ion flow. Dealing w i t h  t h i s  d i r t  probleln reclui res constant disassenibling 
of the tunnel and c leaning o f  the turbulence nianipulators. Test ing a t  
low tes t -sect ion v e l o c i t i e s  ( V  .: .I5 f t / sec )  minin~i zes t he  i n s t a b i l i t y  
probleni. 
11. Main Stream Veloc i ty  and Boundary Layer Thi ckness Measurements 
An unsuccessful attempt was made t o  measure these low f low v e l o c i t i e s  
with a p i  t o t  s t a t i c  probe. F i r s t ,  and obviously, the very low dynamic 
heads ava i lab le  fo r  rneasuren~ent are a problem, and second, we may have run 
i nto some niini mum Reynolds nunlber r e s t r i c t i o n s  associated w i  t h  our p a r t i  cu- 
2 l a r  probe, as discussed by Bradshaw . A t  present, the bu lk  f l u i d  v e l o c i t y  
i s  measured using the hydrogen bubble generator and s strobe operat ing a t  
an equal and known pu ls ing frequency t o  obta in  a time sca le  and two f i x e d  
po in ts  i n  the flow f i e l d  t o  obta in  a length  scale. This method works we l l  
w i t h  ve loc i t i es  as low as V 0.01 f t /sec.  
One of the best  ~llethods ava i lab le  f o r  obta in ing a v e l o c i t y  p r o f i l e  
i n  the boundary l aye r  i s  the use of a hot-wire anetnonleter. We have c a l i -  
bra led a hot-wire anenio~~~eter systetn i r i  the tunriel free stream using the 
prev ious ly  discussed nlcthod for  ve loc i  t y  measurement. Using tlii s c a l i  bra- 
t i o n  we take our hot-wire probe i n t o  the boundary l aye r  t o  obta in  a v e l o c i t y  
p r o f i  l e .  However, the hot-wire probe used i s  n o t  teniperature compensated 
and therefore  d r i f t s  s lowly as the water changes temperature. A t  present, 
f o r  each ve loc i  t y  p ro f i  le  measured, an independent f r ee  streall1 v e l o c i t y  
nleasurenlent i s  made using the hydrogen bubble method. We then o f f s e t  the 
ve loc i t y  p r o f i l e  given by t i le  anetno~neter by an arilount equal t o  the  dif ference 
between i t s  free stream ve l  oci  ty nieasuren1ent and the bubble measurement. 
For t h i s  t o  be v a l i d  the anelnolrieter output  va r ia t ion  must be l i n e a r  w i t h  
temperature. 
- - 
3 
It was very qu ick ly  rea l i zed  t h a t  a good de f i n i t i on  of boundary 
l aye r  thickness i s  hard t o  lnake when i n te rp re t i ng  data w i  t h  some s c a t t e r  I 
(see Figure 1) as we l l  as data where the p r o f  ; l e  shape changes w i t h  t e s t  I 
sect ion ve loc i t y .  Clear ly,  boundary layer  thickness alotie i s  n o t  an 
1 
adequate descr ip t ion o f  what i s  happening i n  our boundary layer. More I 
I in format ion i s  given by a shape f a c t o r  w i th  nlain stream ve loc i t y  ca l i b ra -  I 
t i on .  I t  was found t ha t  the boundary layer  changes as the upstream turbulence i 
manipulators become d i  rty . I n  order t o  categorize boundary 1 ayer p roper t ies  
, 
we have found i t  necessary t o  supply a ve loc i t y  p r o f i l e  along wi th each 
se t  o f  data taken. Figure 1 shows ve loc i t y  p r o f i l e s  a t  three d i f f e r e n t  
main streanl ve loc i t i es .  Over the range o f  ve loc i t i es  0.01 - 0.2 ft/sec., 
we have the fo l  lowing ranges o f  boundary 1 ayer t h i  ckness , displacement 
thickness , nlol~lentum thickness , and shape fac to r :  
6 : .9 - 1.6 i n .  
6* : ,011 - 0.051 i n .  
o : -007 - 0.012 i n .  
H : 1.64 - 3.93 
111. Saddle Po in t  Data 
Figure 2 shows a p l o t  o f  saddle po in t  l oca t ion  using the coordinate 
3 system given i n  the f i r s t  progress repor t  . This data was a1 1 taken a t  
a Reynolds nunlber based on cy l inder  diameter o f  Red = 1203 wh i le  the 
cy l inder  spacing was f i r s t  decreased (c los ing  cy l inders)  and then increased 
(opening cy l inders ) .  Dye was injec.t;ed onto the t e s t  sect ion f l o o r  through 
both a probe and the dye i n j e c t i o n  s i t e s  i n  the f l oo r .  A po la ro i d  p i c t u r e  
was taken of the l i m i t i n g  streamline pat tern  and the saddle p o i n t  locat ions 
were faken from the p i c t u re  using the dye i n j e c t i o n  s i t e s  as a coordinate 
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F igure 2b. Angular Displacement o f  Saddle P o i n t  Locat ion  as a Funct ion  of 
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I , F igure 2a. Radia l  Displacement of Saddle P o i n t  Locat ion  as a Funct ion  of d/D 
system on the f loor .  For some cases the l i m i t i n g  streamlines were "painted 
out" twice and p ic tures were taken o f  both t o  obta in  a masure o f  accuracy 
and repea tab i l i t y .  Then a f t e r  c los ing the cyl inders they were opened up I 
and data was taken t h a t  y i e l d s  a measure o f  the r i p e a t a b i l i t y  o f  the I 
posi t i o n  of the  saddle po in ts  f o r  a g i  ven cy l inder  separation. 1 
1 
Figure 2a shows the rad ia l  displacement o f  the saddle poSnt loca t ion  1 
I 
as a funct ion of cy l inder  spacing. This i s  s i m i l a r  t o  the data presented . 
3 i n  the f i r s t  progress repor t  t h a t  was obtained using an open channel 
water table. ? 
I 
Figure 2b shows the angular displacement of the saddle p o i n t  as a 1 
I 
funct ion o f  cy l inder  spacing. Again, the t rend exh ib i ted by t h i s  data i s  I 
s i m i l a r  t o  the open channel data given i n  the f i r s t  prcgress report .  1 
There i s  considerable sca t te r  i n  the data shown i n  Figure 2, and as i 4 
such, i t  should be t reated as prel iminary.  This sca t t e r  i s  due t o  a I 
number o f  factors: 
I 
1 
1) A t  lower Reynolds numbers (such as i s  the case i n  Figure 2),  ! 
the vortex s t ructure was found t o  be con~plex and osc i l l a t o r y .  i 1 
As many as four o r  f i v e  vort ices cotrld be observed i n  the  flow 1 i 1 
immediately upstream o f  each cyl inder.  S i m i  l a r  f low phenomena 
4 I 
have recent ly  been reported on by ~ a k e r ~  f o r  low-speed a i r  f low I 
around a s ing le  cyl inder.  1 
2) Later t es t i ng  showed t h a t  a i r  could be trapped i n  the honeycomb 
and screens, leading t o  a flow d i s t o r t i o n  i n  the t e s t  section. 
This may have contr ibuted t o  the sca t t e r  shown i n  Figure 2. 1 
I 
Consequently, i n  order t o  run a t  h igher Reynolds numbers and e l iminate i 
trapped a i r ,  a new i n l e t  sect ion has been constructed, so t h a t  before each 1  
1 
run the honeycomb and screens can be p t ~ t  i n  p lncn under watsr  so t h a t  
there i s  no trapped a i r  bubbles, Tests using t h i s  new i n l e t  scc t ion w i l l  
be conducted dur ing the nex t  repor t ing per i  od, 
Wind Tunnel Construct ion grid Assemblz 
During the repor t ing  per iod the construct ion and assctt~bly of the wind 
tunnel was completed. An overa l l  view of the tunnel i s  shown .In Figure 3. 
Reference k i e l  and p i t o t  probes were mounted upstream o f  the t e s t  
sect ion and were connected t o  a  mul t i tube water manonkter, along w i t h  
the s t a t i c  taps on the i n l e t .  The blower motor was w i ied  i n t o  the  labora- 
t o r y  e lec t rn ica l  systeni and the tunnel was f i r s t  run on February 12, 1980. 
As was noted i n  the l a s t  progress repor t ,  the Flexcorc iloneyconib f o r  
the i n l e t  was a  long lead-time i tern, and was no t  received unti l A p r i l  1980. 
The i n i t i a l  checkout o f  the tu~ l t l e l  (wi thout  the ~ l e x c o r e )  sliov/ad *t;liat a t  
a  blower vortex valve s e t t i n g  o f  about 70'-80' (90' i s  wide opcn) the t e s t  
sect ion ve loc i t y  was 100 f t /sec,  j u s t  about on design. Thus, t e s t i n g  w i l l  
be possib le a t  Reynolds numbers t h a t  are r e a l i s t i c ,  as was planned. 
Af ter  the Flexcore was received i t  was "sewn" onto thc  outs ide of the 
porous p l a t e  of the i n l e t  w i t h  t h i n  transformer wire.  t lolcs were d r i l l e d  
i n  the top endwall of the tunnel a t  t h e  middle of the t e s t  sect ion and a t  
the e x i t  of the i n l e t ,  every 6" across the 6 f o o t  span o f  the tunnel. A 
probe actuator could be mounted a t  each one of the holes so t h a t  a pressure 
and ve loc i t y  p r o f i  l e  could be made, endwall t o  endwall. I n  addi t ion,  a 
se t  of s t a i r s  and a platfornl was constructed on top o f  the  t e s t  sect ion 
t o  provide ready access t o  the probe actuator. 
Since the tunnel has been i n  operation, i t  has been found t h a t  the 
blower v ibrates the t e s t  sect ion t o  sonie degree. A rubber diaphragm had 

beet1 used t o  connect the b l o r ~ e r  t o  the d f f fuser ,  b u t  t h i s  has not: 
proven t o  be ~ ; p  t o  the task of t l ~ ' i n ~ t n a t i n g  a l l  v ibra t ion,  Some v ibra t ior t  
i s  a lso t ransmi t ted through the , I f~e t+ ,  
I n  the l a s t  few weeks, steps have been taken t o  e l in i inate  the blower 
v i b ra t i on  by mounting the blower on springs and i n s t a l l i n g  a f l e x i b l e  
duct between the blower and the dif fuser. To a f i r s t  spproxilnation the 
t r a n s m i s s i b i l i t y  , 7, of the spring-blower-mass system i s  given by 
where damping has been neglected and where 
T = t ~ d n s r n i s s i b i l i  t y 3  i .e, the force due t o  the blower v i b r a t i o n  
t ransmit ted through the springs t o  the f l oo r ,  d i  v i  ded by 
the slme force f o r  a r i g i d  mounting. 
( 1 ~ ~  - the frequency o f  the blower v i b ra t i on  (roughly 1800 rpm). 
% - the na tu ra l  undamped frequency o f  the blower niass-spring mount 
sys tern. 
The l a s t  term, ug i s  given by 
where 
K - spr ing  constant 
ng - blower mass 
I t  can be seen from (1) and (2) t ha t  t o  minimize T, the mass o f  the blower, 
mB, should be large.  One can do the same th i ng  w i th  a smal ler  value o f  
K, b u t  there i s  n p rac t i ca l  lower Y m i t  on K, [If the springs are too 
soft; (1 ow K) the blower w i  11 have! a tendency t o  "jump" around]. Thus, t o  
l~'1;~r T, about 3000 pounds o f  concrete were poured * in to  the base of the  
blower. When t h i s  &yes (about mid-July 1980), the sp r i ng  mounts and 
the f l e x i b l e  duct  w i l l  be i ns ta l l ed ,  and the concrete base and b?ower 
w i l l  be ra ised  o f f  the f l o o r .  
Wind Tunnel Tes t ing  
During the repor t ing  per iod an extensive t e s t  program was undertaken 
i 
. t o  check ou t  the charac te r i s t i cs  o f  the wind tunnel, before any model l 
i 
t e s t i n g  was done. I 
F i r s t  the s t a t i c  pressure da l s t r i bu t i on  of the S tan j t z  i n l e t  was 
measured, using the wa l l  pressure taps t ha t  had been i n s t a l l e d  f o r  t h a t  
purpose, A l l  pressures were measured r e l a t i v e  t o  the s t a t i c  pressure o f  
the p i t o t  s t a t i c  reference pi9obe upstream o f  the t e s t  sect ion.  The i 
pressure d i  fferences were read using a Flow Corporation rnicroa;anometer 
t h a t  i s  accurate t o  f 0.0002 i n .  of manometer f l u i d  (N-butyl a lcohol) .  
Figure 4 shows the pressure d i s t r i b u t i o n  t h a t  was measured along the 
center l ine of the i n l e t ,  as a p l o t  of q/q, ( 1 ~ c a l  v e l o c i t y  head, b V 2 ,  
over reference ve loc i t y  head, QV: ) vs.  surface distance along the  i n l e t .  
The reference ve loc i t y  was ca lcu la ted from the reference t o t a l  pressure I 
measured i n  the i n v i s c i d  po r t i on  o f  the flow upstream of the t e s t  sect ion I 
and the ' s t a t i c  pressure measured a t  the p o i n t  x = 0.5 ft. a t  the lower 
surface of the i n l e t .  This value was used ra the r  than the v e l o c i t y  measured 
a t  the t e s t  sect ion because the l a t t a r  i s  s l i g h t l y  h igher  due t o  the dis- i 
f 
placement t h i  ckness e f fec ts  of the tunnel boundary 1 ayers. 
1 
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Also p l o t t e d  i n  Figure 4 i s  the S tan i t z  po ten t i a l  f l ow  pressure 
d i s t r i b u t i o n  t h a t  the i n l e t  was designed from. As can be seen, there 
i s  good agreement w i t h  p o t e n t i a l  f low on the nozzle i n l e t  cen te r l i ne  fo r  both 
the top and bottom of the i n l e t .  
Figure 5 shows the s t a t i c  pressure d i s t r i b u t i o n  across the e x i t  of 
the nozzle i n l e t  on the bsttom surface. The measured values o f  s t a t i c  
pressure show some va r i a t i on  (note t ha t  ord inate  scale has been expanded) 
away from the tunnel center l ine.  While t h i s  va r i a t i on  i s  n o t  large,  i t s  
presence i s  d is turb ing,  s ince the i n l e t  was care fu l l y  designed and con- 
s t r uc ted  t o  provide uniform f low. More w i l l  be s a i d  about t h i s  va r i a t i on  
i n  what follows. 
Total  pressure p r o f i l e s  were measured midway through the t e s t  sect ion 
and upstream, a t  the e x i t  of the i n l e t ,  using a Uni ted Sensor 8' head k i e l  
probe, w i th  an acceptance angle range o f  t45O. A l l  pressure differences 
were measured w i t h  the m i  cromanometer described above. The probe was 
pos i t ioned us ing an L. C. Smith probe actuactor, Model No. BBR-123-360. 
The actuator had been ca l i b ra ted  f o r  pos i t i on  and yaw angle before the 
tes ts .  Using the 3% d i  g i  t d i g i t a l  panel meter on the probe actuator [ 
i nd ica to r ,  the probe pos i t i on  could be read t o  2 0.02" and t he  probe yaw 
angle t o  w i t h i n  f 0.4". 
The t e s t  sect ion has a 1x6 ft. cross-section. A t  the t e s t  sec- 
ti on,. traverses of t o t a l  pressure were taken from f l oo r - t o - ce i  l i n g  ( the 
1 ft. dimension) a t  locat ions 6 i n ,  apar t  from the no r t h  s ide  t o  the south 
s i de  o f  the tunnel ( the 6 ft. dimension). 
Three o f  these t o t a l  pressure traverses are shown i n  Figure 6, where 
distance from the tunnel f l o o r  i s  p l o t t e d  against  the t o t a l  pressure 
coe f f i c i en t ,  Cpt, g iven by 

where PT - n ~ a s u r e d  t o t a l  pressure 
PT, - reference t o t a l  pressure (always measured w i t h  reference 
probe on no r t h  s ide of tunnel).  
The data i n  Figure 6 shows t h a t  the i n v i s c i d  core of the f low i n  the 
t e s t  sect ion i s  f a i r l y  uniform i n  t o t a l  pressure except a t  the south s ide 
of the tunnel, where the t o t a l  pressure i s  s l i g h t l y  h igher  (about 1-3% 
which a~lounts t o  approximately 0.01-0.03 i n .  o f  water) than the cen te r l i ne  
and nor th  s ide  t o t a l  pressures. Secondly, the tunnel f l o o r  boundary l aye r  
gets t h i cke r  from the cen te r l i ne  t o  e i t h e r  the nor th  o r  south, wh i le  the 
c e i l i n g  boundary l aye r  i s  th innest  on the nor th  wal l .  Th i rd ly ,  the data 
i n  Figure 3 shows t h a t  the c e i l i n g  boundary l aye r  i s  l a r g e r  than the f l oo r  
boundary 1 ayer. 
'The s l i g h t l y  non-uni form s t a t i c  pressure d i s t r i  buti'on a t  the i n l e t  
e x i t ,  the s l i g h t l y  non-uni form t o t a l  pressure d i s t r i b u t i o n  a t  the t e s t  
sect ion and the asymmetric boundary layers on the t e s t  sect ion f l o a r  (snd 
c e i l i n g  are n o t  t o  be expected, considering the care t h a t  was taken it1 the 
design and construct ion o f  the i n l e t .  
The i n t e r n a l  surfaces o f  the tunnel were inspected and i t  was found 
t h a t  the tunnel c e i l i n g  had one j o i n t  t h a t  caused a stnall f r o n t  fac ing  step. 
This was corrected ;,!rt no change i n  the f low f i e l d  was noted. 
I n  an attempt t o  make the f l o o r  and c e i l i n g  boundary layers more a1.i ke, 
a t r i p  w i re  was i n s t a l l e d  a t  the e x i t  o f  the i n l e t .  The wi re  was D = 0.02 
inches i n  diameter and was chosen based on a t r i p  Reynolds nuliiber of' 
UmD 
- 
=: 900 
V 
5 based on the c r i t e r i a  given i n  Sch l i ch t ing  . Total  pressure measures were 
again taken a t  the t e s t  sect ion and showed t h a t  the t r i p  w i re  had l i t t l e  
o r  no e f f e c t  on e i t h e r  the c e i l i n g  o r  the f l o o r  boundary layers. Another 
t e s t  was done using a l a r g e r  t r i p  w i re  (D - 0.125") which a lso showed no 
e f f e c t  on the t e s t  sect ion boundary layers. 
Traverse holes kierc :ban cut  a t  the e x i t  o f  the i n l e t ,  and traverses 
were taken every 6 inches ( i n  the 6 f oo t  dimension) w i t h  both the k e i l  probe 
and a Uni ted Sensor pStat probe. Data from three o f  these traverses i s  shown 
i n  Figure 7. Figure 7a shows ve loc i t y  and Figure 7b shows t o t a l  pressure. 
The v e l o c i t y  p l o t  shows t h a t  there i s  a s l i g h t l y  h igher  ve loc i t y  i n  the 
south s ide  of the tunnel. The t o t a l  pressure traverses show e s s e n t i a l l y  
the same features as t e s t  sect ion traverses, b u t  scaled down, s ince the 
i n l e t  traverses are about 6 f e e t  upstream of the test sect ion traverses. 
Thus f a r ,  the conclusion i s  t h a t  the flow d i s t o r t i o n  and boundary l a y e r  
asymmetry i s  coming fro111 the i n l e t .  Ef for ts are  now under way t o  see i f  
these effects are (a) being generated by the i n l e t  i t s e l f  (porous p l a t e  
honeycomb, etc. ) , o r  (b) enter ing the i n l e t  from the room i t s e l f  and are 
n o t  being su f f i c i en t l y  smoothed ou t  by the porous p la te .  
Model Resi gn and Construction 
During the repor t ing  per iod the f i r s t  p a i r  o f  c y l i nde r  models f o r  the 
wind tunnel were designed. Construction ~f these models i s  now i n  the 
f i n a l  stages. A photograph of one o f  the cy l inder  models i s  shown i n  Figure 
8. The model i s  an alurninum cy l inder  t h a t  was accurately machined on a 
l a t he  t o  an outer diameter o f  6.25 inches. 
The two cyl inders w i  11 be placed side-by-side i n  the wind tunnel t e s t  
sect ion by i n s e r t i n g  each o f  them through an a i r t i g h t  f i x t u r e  i n  the top 
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F i g u r e  8. Wind t u n n e l  c y l i n d e r  model. A t  l e f t  i s  6.25" OD aluminum 
c y l i n d e r  w i t h  59 s t a t i c  p r e s s u r e  taps ,  and mount ing f i x t u r e .  
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1 
o f  the t e s t  section. A clanipi ng device (see Figure 8) w i  11 h o l d  them i n  
place and w i l l  press each cy l inder  against the f l o o r  of the t e s t  section. 
An O-ring a t  each cy l inder  base w i l l  seal the cy l inder  - t e s t  sect ion 
f l oo r  j i lnc t ion.  
Each cy l inder  has 59 pressure taps, w i t h  the greatest  number o f  taps 
near the base o f  each cy l inder ,  where the separation process w i l l  occur. 
' /  The cy l inders  and the clamping f i x t u r e  are constructed i n  such a way t h a t  1 
i 
a cy l i nde r  can be ro ta ted  (indexed) t o  change the re1 a t i  ve c i  rcumferen ti a1 
l o ca t i on  o f  the 59 pressure taps. 
The pressure taps are connected on the ins ide  of the cy l i nde r  t o  a 
mani fo ld o f  0.047" ID s ta in less  s tee l  c a p i l l a r y  tubes. The uSe of t h i s  
manifold (shown i n  Figure 8) allows the model t o  be constructed from a 
s ingle,  more sturdy, cy l inder ,  ra ther  than c u t t i n g  the cy l i nde r  i n  h a l f  
and i n d i  v idual  l y  so lder ing each capi l l a r y  tube t o  each pressure tap. 
The spacing between the cy l inders  can be var ied by use of various , 
s ize  p lex ig lass spacers i n  the top o f  the t e s t  section. Since the bottom I 
of each cy l inder  has a compressed O-ring seal, the f l o o r  o f  the t e s t  
sect ion can be kept  clean (no junct ions o r  seams) f o r  the f low v isua l i za -  
t i on experiments . 
The construct ion o f  these f i r s t  cy l inder  models should be completed 
by m i  d-July 1980, a t  which time f low v i sua l i za t i on  and pressure measure- i 
ments w i  11 be done f o r  a range o f  cy l inder  spacings. 
n Ana ly t i ca l  Work 
, 
A two-dimensional po ten t i  a1 f low program obtained from Professor P a t r i  ck 
Kavanaugh o f  Iowa State Universi t y  was adapted t o  the UConn Computer System. 
This program i s  based on the d i s t r i b u t e d  source-sink method o f  Smith and 
Pierce. It i s  an on-body program, i .em as output, i t  provides pressure 
d i s t r i bu t i ons  on the body i t s e l f .  The output  o f  t h i s  program w i l l  be used t o  I 
1 
compare w i t h  the experimental data from the pressure taps on the cy l inders ,  , 
I 
t o  show any departure from po ten t i a l  flow, 
Off-body pressure w i  11 a lso be taken and i t  i s  necessary t o  compare 
t h i s  data w i  t h  a po ten t i  a1 f low ca lcu la t ion.  Thus dur ing  the repor t ing  
pe r i  gd, an off-body two-di mensi onal poten ti a1 f l  ow program f o r  f low around 
two cyl inders was completed. A discussion of t h i s  program i s  given i n  
Appendix B. This program w i l l  be used to: 
a) provide an e a r l y  f i  rs t -o rder  co r re l a t i on  o f  saddlepoint  
l oca t ion  (got ten from f l o w  v isua l  i za t i  on data) and po ten t i  a1 
f low pressure gradients a t  the saddlepoint locat ion.  
b )  compare t o  flcw f i e l d  experimental data. 
A t h i r d  c o ~ ~ p u t e r  p ogram has a lso  been worked on and adapted t o  the 
UConn Computer System. This program was a lso obtained from Professor I 
Kavanaugh, and i s  a general , two-dimensional contour p l o t t i n g  rou t ine  t o  
be used i n  conjunction w i t h  a Calcomp P lo t t e r .  This program gives us the 
a b i l i t y  t o  p l o t  isobars, streamlines, etc.,  be i t  from experimental data 
o r  from the output  o f  a po ten t i a l  f low program. 
Overview o f  Program 
1 As noted i n  the l a s t  repor t  the water tunnel t es t s  are behind schedule 
due t o  the i n l e t  d i s t o r t i o n  problems t h a t  were encoufltered. However, the 
tes ts  are fa r  enough along t o  give us a good f ee l  f o r  cy l i nde r  spacing, wa l l  
ef fects,  and 1 ow Reynolds nun~ber behavior, a1 1 o f  which have impacted wind 
tunnel model design. 
The wind tunnel t e s t i n g  i s  s l i g h t l y  behind i n  schedule. The cy l i nde r  
models w i l l  s h o r t l y  be ready t o  be i n s t a l l e d  i n  the wind tunnel t o  
check them out, b u t  no data w i  11 be taken un t i  1 the wind tdnnel f low has 
been made more uniform. 
Once b e t t e r  un i fo rm i ty  i s  achieved, t es t i ng  w i l l  begin. The f i r s t  
tes ts  w i  11 be t o  vary cy l inder  spacing and get  the l oca t i on  of the saddle 
po in ts  by using flow v i sua l i za t i on  1;echniques. 
The off-body po ten t i a l  flow program w i  11 be used t o  ca lcu la te  normal 
and streamwise pressure gradients a t  the saddlepoint locat ions.  This w i  11 
. give a f i r s t  order cor re la t ion.  Deta i led f low measurements w i l l  then fol low. 
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APPENDIX A 
The Hydrogen Bubble Generator 
I 
Jnt roduct i  on_ 
The purpose of t h i s  p r o j e c t  was t o  produce a hydrogen bubble generator 
f o r  use as a flow v i sua l i za t i on  medium i n  a f low o f  water. Herein we 1 
present an explanation of the chemical processes invo lved i n  bubble 
generation as w e l l  as the design o f  a simple device f o r  t h a t  purpose. 
Background 
In many f l u i d  ~t~echanics inves t iga t ions  there i s  a great  need f o r  
v i sua l i za t i on  of comple:, f l u i d  patterns. Flow v i sua l i za t i on  provides a 
means f o r  exp lor ing some flow phenomena t h a t  are n o t  p red ic tab le  by mathe- 
mat ica l  theory. Using hydrogen bubbles as t r ace r  p a r t i c l e s  i n  a water 
f low i s  a good v i sua l i za t i on  technique. The f i r s t  t o  apply t h i s  technique 
1 was a Gerntan s c i e n t i s t  named F. X. Wortmann who was fo l lowed i n  the 
3 United States by E. W. ~ e l l e r ~ ' ~ .  C l u t t e r  and Smith of Douglas A i r c r a f t  
Company completed extensive research per fec t ing  the hydrogen bubble 
v isua l  i za t i  on technique. 
Theory 
The hydrogut! bubbles are produced by the e l e c t r o l y s i s  of water and 
must be of a s i ze  and quan t i t y  so as not  t o  d i s t u rb  the  f low f i e l d .  The 
e l e c t r o l y s i s  o f  water i s  a simple react ion which decomposes water i n t o  i t s  
bas ic  elements : ! 
This react ion does not  occur spontaneously therefore energy must L e supplied. 1 
As seen i n  the  chemical equation above, there are twice as many moles 
s 
of hydrogen produced than there are moles o f  oxygen. By apply ing 
Avogadro's Law a t  constant temperature and pressure i t  can be seen tha t ,  
vol umetri  ca l  l y  , there are twice as many hydrogen bubbles produced as 
there are oxygen bubbles. It i s  fo r  t h i s  reason t h a t  we choose t o  use 
i hydroget] bubbles ra ther  tha;) oxygen bubbles t o  t race the flow. 
The reac t ion  occurs as folJows: f o r  the simple e l e c t r o l y s i s  c e l l  1 
shown i n  Figure A-1, bxygen bubbles are produced a t  the p o s i t i v e  terminal,  
the anode, wh i l e  hydrogen bubbles are produced a t  the negat ive terminal,  
the cathode. 
The choice of a mater ia l  (metal) t o  be used f o r  terminals i s  based 
upon the chemical react ions t h a t  take place a t  the terminals as we l l  as 
a s t rength requirement. (Thc H p  source o r  cathode must w i  thetand drag 
force of f l u i d ) .  For instance, from the chemical reac t ion  standpoint, 
p l a t i n u n ~  i s  a very good mater ia l .  
The two react ions which take place ;it a plat inum cathode (See Figure 
A-2) are: 
and 
Note t h a t  the f i r s t  reac t ion  y i e l d s  an undesi rab le  s o l i d  p rec ip i ta te ,  i 
plat inum hydrate, wh i le  the second y i e l d s  the desired hydrogen gas. Both 
react ions requi  r e  energy f o r  them t o  proceed t o  the r i g h t .  The energy 
requ i red i s  ca l l ed  the f r ee  energy of formation (AG) and i s  much less f o r  
the gaseous hydrogen react ion than i t  i s  f o r  the p la t inum hydrate reaction, i.e., 
ANODE 
Figure A-1, An E l e c t r o l y t i c  Cell 
Figure A-2. Reaction a t  
Plat inum Cathode 
F i  yure A-3. React ion a t  
Copper Anode 
Both react ions w i l l  occur b u t  f o r  a l l  p rac t i ca l  purposes no p la t inum 
hydrate w i l l  br? formed. Plat inum i s  a lso very corrosion resist*ivct. 
However, i n  s p i t e  of a l l  these advantages, p lat inum i s  1 i m i  t e d  i n  i t s  
use by i t s  weakness. Other metals such as tungsten have been found t o  
be an acceptable subst i tu te ,  Tungsten has yood corrosion resistance 
propert ies,  along w i t h  good strength and a reasonable pr ice.  
A t  the anode we a lso have two chemical reactions. Again, p lat inum 
would make an i dea l  mater ia l  f c r  the terminal; however, a less  expensive 
metal such as copper can be used (Figure A-3). 
With a copper anode the two possib le react ions are: 
and 
The f ree  energy of formation o f  these reactions are c lose i n  value favor ing 
the react ion which forms s o l i d  copper oxide. This w i l l  produce a large 
decay of the copper anode along w i t h  oxygen formation. Th is  i s  n o t  a 
great  disadvantage i n  t h a t  vie can probably i n s t a l l  the anode i n  some 
unimportant region o f  the f law. 
&l i cats. on 
Now tha t  we have presented a methodology fo r  hydrogen bubble formation 
we can discuss i t s  app l i ca t ion  t o  flow i n  a water tab le .  
The bubbles are introduced i n t o  the f low f i e l d  by a c a r e f u l l y  posit ioned, 
t h i n  w i re  which w i  11 be designated as the cathode and energi zed accordingly. 1 
1 The anode terminal must then be placed anywhere i n  the water t ab le  i n  order i 
i 
t d  complete the c e l l  . The anode i s  usual ly  placed downstream o f  the t e s t  ! 
B sec t ion  so as n o t  t o  d i s t u rb  the t e s t  sect ion f l ow f i e l d  (See Figure A-4). 
4 
I n  t h e i r  research, C l u t t e r  and  mi th3 found t h a t  a t  flow ve loc i t i es  
i 
i below 5 f ee t  pe r  second, w i re  diameters up t o  .005 inches cou ld  be used 
w i t h  l i t t l e  flow inter ference. Figures A-5, A-6, A-7, and A-8 are a 
3 graphic presentat ion of data taken by C l u t t e r  and Smith and Mat t ing ly  5 
dur ing  t h e i r  f low v i sua l i za t i on  studies. 
3 To produce a continuous supply o f  bubbles, C l u t t e r  and Smith found 
t h a t  a supply voltage o f  25 t o  400 vo l t s  i s  necessary, depending upon the 
resistance t o  cur rent  flow associated w i t h  the water t ab le  ( e l e c t r o l y t i c  
c e l l )  being used. For our p a r t i c u l a r  table,  i t  was found t h a t  a voltage 
I between 100 and 150 v o l t s  was s u f f i c i e n t  t o  produce a continuous supply 
of bubbles adequate f o r  good f low v isua l i za t ion .    his voltage range 
I + y i e l d s  a cu r ren t  range from .25 t o  .5 amps on our water table.  The voltage 
and therefore cur rent  l eve l s  must be adjusted t o  g ive a "good" stream o f  
bubbles ( there must be enough bubbles so t h a t  they can be seen we l l ,  and 
they must not  be so la rge  t ha t  t h e i  f l o a t  up) f o r  each f low v e l o c i t y  tested. 
i Cdrrents can be increased f o r  a given voltage l e v e l  by seeding the  water 
(tab1 e s a l t )  . 1 
By pu ls ing  the supply o f  vol tage t o  the  c e l l ,  a c y c l i c  generation o f  i i 
hydrogen along the cathode w i  r e  produces pat terns l i k e  those o f  Figure A-9. 
By measuring the pulse durat ion e l e c t r o n i c a l l y  a ve loc i t y  p r o f i l e  can be 
obtained simply by measuring the pulse width. There are several pulse 
generators t h a t  can supply t h i s  s igna l ,  bu t  no t  a t  the voltage and cur ren t  
required. To obtain the high vol tage square wave (Figure A-10) a s igna l  
generator i s  used t o  ac t i va te  an e l ec t ron i c  swi tch t o  an add i t i ona l  power 
supply (Figure A-11). (A  comp'lete schematic i s  shown i n  Figure A-18.) 
Figure A-4.  Hydrogen Bubbles are Generated a t  the Wire Cathode 
Figure A-5 
Rc, < 'LO 
Figure A-6 
F i  gure A-7 
Figure A-,8 
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Figure A-10. A sharp, square wave o f  voltage i s  necessary t o  produce uni form bubbles. 
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Figure A-1 1.  Simplified electronic  c i r cu i t  of power supply. 
d 
I t  i s  necessary t o  have a sharp square wave o f  voltage i n  order t o  
produce a consistent  bubble s i ze  throughout the pulse width. Without the 
sharp square wave of voltage, the bubble s i ze  w i l l  vary throughout the 
pulse wid th  causing large separation o f  the bubbles as the bubble sheet 
propagates through the t e s t  sect ion (see Figure A-12). It can be seen 
i n  the f igure t ha t  the s l i g h t  va r i a t i on  i n  voltage causes incons is ten t  
bubble sizes. The buoyancy and drag forces w i l l  be d i f f e r e n t  f o r  each 
bubble s i ze  causing the l a rge r  bubbles t o  move slower and r i s e  more, wh i l e  
the small bubbles fo l l ow the f low stream. 
Stoke's analysis of the forces on a buoyant sphere i n  a steady low- 
speed water flow, shows a buoyancy t o  drag r a t i o  o f :  
where d = bubble diameter 
IS = f low ve loc i t y  
v = kinematic v i scos i t y  
B = buoyancy force 
D = drag force 
I t can be seen i n  Stoke's analysis t h a t  as the flow ve loc i t y  decreases, o r  
bubble diameter i s  increased, the buoyancy t o  drag ra t i c !  w i l l  increase, 
causing the bubbles t o  deviate from the f low f i e l d .  A f r ee  body diagram on 
an i nd i v i dua l  bubble i s  given i n  Figure A-13. Bubble diameters between 
0.0005 and 0.001 inches w i l l  have a r i s e  ra te  due t o  buoyancy o f  about .05 
inches per second. W i  t k  a f low ve loc i t y  between 0.1 and 5 f e e t  pe r  second 
d 
t h i s  r i s e  r a t e  i s  i ns i gn i f i can t .  1 
Flow ve loc i t y  and the diameter of the cathode w i r e  p lay  another r o l e  
i n  determining bubble s ize.  The fas ter  the f low, the greater the drag forces 
I 
F igu re  A-12. A t  top.  an edge view o f  pu lsed  t ime l i n e s  showing t h r  e f f e c t  o f  
unevcri bubble  s i zes .  A t  m idd le  and bottom, a  t o p  view o f  pu lsed 
t ime  l i n e s  showinq a  non-square wave behav ior .  Taken f rom Reference 8. 
3 3 
~ i g l i r e  A-13. To accurately  fo l low the f low the buoyance t o  drag r a t i o  must be small .  
F i  gure A- 15  
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Figure A-16 
on the hydrogen gas around the cathode wire. This drag causes the gas 
t o  separate quickly from the wire thereby producing small bubbles. 
Schraub and  line^, a t  Stanford University, perfected the techniques 
necessary t o  detect path l ines,  streaklines, and streamlines i n  low speed 
water flows (Figures A-1  4, A-15, and A-16). 
Figure A-17 shows some possible configurations f o r  l i g h t i n g  the stream 
o f  bubbles. I t  has been found tha t  the 125' angle between the l i g h t  source 
and the l i n e  of v is ion and the f l a t  black co lo r  used f o r  contrast, are 
important i n  ge t t ing  good photos of the bubbles. Figure A-18 shows the 
c i  rcu i  t diagram of the electronics f o r  the bubble generator, and Figure 
A-19 shows the bubble generator control panel. 
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I Figure A-17. Optimuln l i g h t i l  i gu ra t i o r i s  f o r  v iewing and photograpl i ing hydrogen bubb' 
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Figure A-19. [bubble Generator Control Unit and Power Supply.
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APPENDIX B i 
Two-Diniensi onal Off-Body Flow Program 4 
Summary 
The two-dimensional off-body poten ti a1 f l o w  program was developed 
t o  pr40vide v e l o c i t i e s ,  pressures, and s t reaml i r~es  i n  t h e  f l ow  f i e l d  
around a r b i t r a r y  two-dimensional bodies. The bodies used i n  t h i s  program 
may be any s e r i e s  o r  arrangement o f  c losed bodies, w i t h  l i f t  and/or i n  
an i n f i n i t e  cascade. The r e s u l t s  are p r i n t e d  i n  a t a b l e  f o r  var ious  
p o i n t s  i n  t h e  f l ow  f i e l d ,  Options a l so  e x i s t  f o r  p l o t t i n g  isobars  o r  
s t reaml ines on the Cal comp P l o t t e r ,  Fundamental t o  the  two-dimensional 
off-body p o t e n t i a l  f low program i s  the  on-body p o t e n t i a l  f l ow  program, 
as the  parameters needed f o r  t h e  off-body program are generated by t h e  
on-body program. I n  a d d i t i o n  t o  these two programs, a t h i r d  program 
used i n  inaking p l o t s  of isobars and streamlines i s  a contour  p l o t t i n g  
program. Th is  program and the on-body program are  products o f  p rev ious  
work a t  the Un ive rs i t y  of Iowa. 
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Symbols 
x ve loc i t y  
y ve loc i t y  
stream func t i  on 
source o r  s ink  o f  st rength 
u n i t  f ree  stream f low 
strength o f  c i r c u l a t i o n  
t o t a l  number o f  a1 I body po in ts  
number o f  bodies i n  the flow f i e l d  
length  o f  l i n e  s i n g u l a r i t y  
a r b i t r a r y  po in t  i n  the f low f i e l d  
t rans la ted po in t  i n  f i e l d  
midpoint o f  l i n e  source segment 
angle o f  l i n e  source t o  hor i zon ta l  
pressure c o e f f i c i e n t  
cascade spacing 
r e a l  p a r t  o f  a complex funct ion 
imaginary p a r t  o f  a complex function 
complex vectors 
Ttieorx 
The bas is  f o r  p o t e n t i a l  f low ca lcu la t i ons  i s  t h e  s o l u t i o n  t o  Laplacets 
equation, Laplace's equation i s  der ived through the  i r r o t a t i o n a l i  t y  
condi ti on ; 
I n  a d d i t i o n  the  streal11 func t i on  i s  de f ined as: 
which g ives a f t e r  s u b s t i t u t i o n  i n t o  the  i r r o t a t i o n a l i t y  cond i t i on ;  
This i s  Laplace's equation. A s o l u t i o n  o r  s e t  o f  s o l u t i o n s  t o  Laplace's 
equation can be 111ade i n t o  a sum which i s  a l so  a so lu t i on .  This c o n d i t i o n  
o f  l i n e a r i t y  f a c i  li t a t e s  the  c a l c u l a t i o n  technique used i n  t h i s  program. 
Bodies i n  the  f low f i e l d  are represented by d i s t i n c t  p o i n t s  desc r ib ing  
t h e i r  contours. The program uses these po in ts  t o  generate l i n e  source- 
s i n k  s i n g u l a r i  t i e s  which adjusts t h e  f r e e  streani f l ow  t o  t h a t  which 
s a t i s f i e s  t h e  Neurnann condi t i u n  on the boundary o f  the  bodies. In the 
case o f  l i f t  the flow w i l l  s a t i s f y  the  Kut ta  cond i t ion ,  a lso.  The o v e r a l l  
1 approach here i s  based on the work o f  Hess and Smith . 
The strean1 funct ion fo r  a s i n g l e  source a t  the o r i g i n  i s  g iven by: 
q = oi tan' ly/x 
Adding a  f ree streal~t f low y i e l d s  
$ =  UY 
and the con t r ibu t ion  frotn c i  r c u l a t i o n  
gives the stream function for  a  s i ng le  source located a t  the  o r i g i n ,  
w i t h  l i f t  i n  uniform f low, 
For every body p o i n t  spec i f ied there i s  ai corresponding s t rength 
o f  the source-sink s i ngu la r i t y ,  oi. To account f o r  a l l  the body po in ts  
a  summation may be taken. 
- 1 r 9 = UY + (oi t an  y / x  - 5 1n(x2+ y2f5) 
i = l  
Al t l~ough the c i r c u l a t i o n  value i s  s i m i l a r  fo r  a l l  po in ts  i n  the same body, 
i f  there i s  more than one body the c i r c u l a t i o n  must be summed, y i e l d i ng :  
The above value of the stream function i s  t r u e  f o r  a l l  d i f f e r e n t  
s i ngu la r i  t i e s ,  a1 1  located a t  the o r i g i n ,  however. Therefore each source- 
s ink  must take on the value o f  a l i n e  s i n g u l a r i t y ,  removed from the o r i g i n ,  
and angled such t h a t  the sum t o t a l  o f  a l l  s i n g u l a r i t i e s  maps ou t  the 
bodies i n  the flow f i e l d .  To develop the l i n e  s i ngu la r i  t i e s  consider 
an element a t  the o r i g i n  or ienta ted as shown. 
The stream funct ion f o r  the element can be found by i n teg ra t i ng  the 
source-sink funct ion over the region -s/2 t o  s/2. 
Making the subs t i t u t i on :  x '  = x -x, dx' = -dx, when x - -s/2, x '  = xp+s/2; 
P 
and when x = s/2, x '  = x -s/2. The stream funct ion becomes: P 
q,= - ai tan  - 1  YJ x ' dx ' 
Xp-s /2 I 
+ = -  [-ai tan -' + o i~ /2 ]dx8 
Y~ 
Since the value f o r  oi i s  constant over each element, i t  may be taken 
outs ide the i n teg ra l .  
xp+s /2 
- 1  x '  
q = o i  [ ~ / 2  - tan - 1  dx' 
P -s/2 P 
- 1 x '  1 2  xp+s/2 $ = o i [ ~ / 2 x 1  - tan - x' + 9 l n ( l +  r)] 
P Yp xp-s/2 
x +s/2 x -s/2 
y = oi [ ~ / 2  s - (x +s/2) tan" + ( x  -s/2) tan - I _ _ P  + F' Y~ P Y~ 
A coordinate t ransformat ion must a lso  be used, as each segment i s  
n a t  located a t  the o r i g i n  w i th  zero angle o f  or ienta t ion.  The segment 
shown gives an example o f  how t h i s  transformation i s  accomplished. From 
the diagram i t  can be seen t h a t  subt ract ing xm and y, from the midpoint 
w i  11 b r i n g  the l i n e  segment center t o  the o r i g i n .  A ro ta t ion ,  t o  the 
hor i zon ta l  o f  the l i n e  segment may be acconiplished by an angle, -0. The 
angle, 0, i s  found from geometry and i s  equal t o  
O = tan -1 Y2 - Y, 
X2 - Xm 
The cor rec t ing  displacenients t o  x and y are achieved by: P P 
Ay = s /2  s i n  O Ax = s /2  cos 0 
The t r ans la t i on  and r o t a t i o n  are appl ied t o  the p o i n t  (xp, yp) and 
(XI y ' ) ;  with:  P '  P 
Y; = yP - Y, - AY 
Adding the effects due t o  f ree  stream and c i rcu la t ion ,  the  stream func t ion  
now becomes 
x'+s/2 x'  -s/2 
$J = UyP +"fts [fli ( ~ 1 2  s -(x1+s/2) P tan J+- + (x; -s/2) tan-' -&-- + 
i = 1 Y~ Y~ 
Now t o  ca lcu la te  the ve loc i t i es  o f  the off-body po in ts ,  apply the 
2 = and v = - ~ ,  
aY 
npts nobods rK 
u = y p +  c - C 5 
i = l  K= 1 
- 1  xb+s/2 - I  -512 ( t an  - tan 1 ) 
P Y~ 
These are the formulas used i n  the ca lcu la t lon  fo r  ve loc i t y  and 
pressure i n  the program. C~ , the pressure coef f ic ient  i s  ca lcu la ted froin 
'a! 
The ve loc i t i es  for  a po in t  i n  a cascade f low are ca lcu la ted somewhat 
d i f f e r e n t l y  than the above formulas for  uni  form l i f t i n g  flow. Calculat ions 
are a r r i v e d  a t  i n  the complex plane. I n  the repo r t  f o r  the on-body program, 
the author derives the ve loc i t y  formulas using a complex p o t e n t i a l  funct ion.  
For uniform f low and l i f t  the formulas are given below, where sp equals 
the spec i f ied cascade spacing and a i s  the angle o f  the l i n e  source element 
w i t h  t he  ho r i  zontal  . 
np t s  s inh - "l nobods PK s inh  3 
u = UYp + 1 (a. 1 ~e @l n (* ) 1 I ~ m [ e - ~  a ln  ( 
K= 1 s i n h  
11) 
i = 1 s inh - 
s P s P 
rz 1 lrz s i nh  - nobods rK s inh  -$ npts 
v = 1 (-oiIm[e - l a l n ( L )  1 + ~e [e-i al n ( s i nh  5 sp 1 1) 
i = 1 s inh  '22 K= 1 
s P 
It remains only t o  ca lcu la te  oi and rK t o  complete the  ana lys is  fo r  
po ten t i  a1 f low. The purpose o f  using the on-body program w i  t h  t h i s  program 
i s  t o  generate oi and rK as the on-body program uses these values, also. 
The der ivat ions and formulas f o r  a r r i v i n g  a t  oi and rK are spe l led  ou t  
ill the on-body repor t  and are far  too numerous and complicated f o r  the 
context  of t h i s  report .  Due t o  the use o f  complex numbers f o r  cascade f low, 
i t  was n o t  as easy t o  ca lcu la te  the stream funct ion a n a l y t i c a l l y  as w i t h  
uni form f low. Therefore, unfor tunately,  there i s  no p rov i s i on  f o r  p l o t t i n g  
streamlines f o r  cascade flow. The streamlines one obtains are those simply 
f o r  the  repeated conf igurat ion entered i n t o  the program, taken as i f  i t  
were alone i n  the f low f i e l d .  
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